Recent progress in reducing turbulent transport in stellarators and tokamaks by 3D shaping using a stellarator optimization code in conjunction with a gyrokinetic code is presented. The original applications of the method focussed on ion temperature gradient transport in a quasi-axisymmetric stellarator design. Here, an examination of both other turbulence channels and other starting configurations is initiated. It is found that the designs evolved for transport from ion temperature gradient turbulence also display reduced transport from other transport channels whose modes are also stabilized by improved curvature, such as electron temperature gradient and ballooning modes. The optimizer is also applied to evolving from a tokamak, finding appreciable turbulence reduction for these devices as well. From these studies, improved understanding is obtained of why the deformations found by the optimizer are beneficial, and these deformations are related to earlier theoretical work in both stellarators and tokamaks.
In the present paper, we describe some of the progress we have made in this exploration.
II. κ 1 -BOOSTING
The proxy function used in Ref.
1 is a quasilinear model for ITG turbulent transport,
r , and growth rate γ k (ω * i /κ n )|τ
Here, κ 1 ≡ e r · κ is the radial component of the vector curvature κ, with e r the covariant basis vector for minor radial coordinate r ≡ (2ψ t /B a ) 1/2 , 2πψ t the toroidal flux, B a the magnetic field strength B at the plasma edge (where r = a), and g rr ≡ |∇r| 2 the rr component of the metric tensor. Thus, κ 1 is negative for "bad" curvature, and positive for "good" curvature. H(κ) is the Heavyside function, ω * i is the diamagnetic frequency, and
n ≡ −∂ r ln n 0 . The critical pressure gradient κ cr and multiplicative constant c D were determined by a best fit of Q prox to the GK results for a set of flux tubes on a family of toroidal configurations studied earlier 5 , with values 0.053 and 0.959, respectively. 
III. SHAPING TOKAMAKS
Since shaping via Stellopt has had success for stellarator configurations, the question arises whether the same method could be used to reduce turbulent transport in tokamaks as well. Two general types of deformations may be considered, (a)those which preserve the device axisymmetry, and (b)nonaxisymmetric ones. In the latter case, other constraints can also be imposed which retain good NC transport, e.g., via maintaining quasi-axisymmetry.
Figs. 6-8 show the result of applying axisymmetric perturbations, beginning with configuration TOK 52k (green), a device with shape approximating an axisymmetrized NCSX, but with tokamak-like current and ι profiles. Constraining the shape as before, again at β = 4.2%, Stellopt produces evolved configuration TOK 52q (red). Fig. 6 shows the poloidal cross-sections of these configurations. Also shown is the cross-section of NCSX (black) at ζ = π. One notes that TOK 52q has acquired an indentation on the inboard side.
As in Sec. II, the reason for the diminution of Q prox is again due to boosting of κ 1 , especially in the bad-curvature region, as one sees from the κ 1 (θ) profiles in Fig. 7 . In Fig. 8 is the corroborating comparison from Gene simulations. One notes that the large improvement in Q prox in going from TOK 52k to TOK 52q is again mirrored by a large improvement in Q GK , a factor of about 3. Such indentation is also known to be stabilizing for ballooning modes 12 and other MHD instabilities, again via improved average curvature. For both the QA and axisymmetric systems, the effect of the shape deformation which induces the improved average curvature has been to displace inner flux surfaces further out than the outer ones, an effect also induced by increasing the plasma β. Thus, one might expect that transport from ITG modes would also diminish with increasing β, an expectation borne out by initial tests with Gene.
Study of the effectiveness of non-axisymmetric perturbations (toroidal mode number n = 0) in reducing turbulent transport is at present just beginning. Because κ 1 ∂ r B/B ∼ |m|/a, perturbations with larger m can can appreciably modify κ 1 , even for modest shape deformations. Whether the size of n = 0 perturbations of an axisymmetric system needed to appreciably diminish Q is small enough that the modified system can still be regarded as a tokamak rather than a stellarator remains to be seen.
IV. ETG TURBULENCE
Configurations QA 35q, QA 40n and TOK 52q were evolved to reduce ITG turbulent transport, but the issue of the transport due to other transport channels, such as from trapped-electron and electron temperature gradient (ETG) 10,11 turbulence, has not yet been addressed. ITG turbulence with adiabatic ions, as considered in our work thus far, addresses ion turbulent transport. Along with ITG transport with nonadiabatic electrons, these latter channels are expected to also be important for anomalous electron transport, which is less well understood and in many cases more problematic. Because of the close relationship between ITG and ETG instabilities, however, one might hope that shaping which reduces ITG transport could also reduce ETG transport. In Fig. 9 is shown some first corroboration of this, comparing Q(t) for NCSX (black) and QA 40n (red), from Gene runs with kinetic electrons and adiabatic ions for the short wavelengths (k θ ρ e < ∼ 1) of ETG turbulence. The runs use the same parameters as the ITG runs discussed earlier, but now with L r,y /ρ s = 2π/3. One sees that while the ETG turbulence is appreciable for NCSX, it appears almost completely stabilized for QA 40n. A comparison of Gene runs for ETG turbulence in the tokamaks TOK 52k and TOK 52q yields a similar large reduction in transport.
For both the ITG and ETG channels, the comparisons between transport in configurations noted so far have kept the profile gradients fixed. Another useful way to characterize the turbulence one might expect is the critical gradient κ T cr . A linear Gene study for this
gives aκ T cr = 1.49 for NCSX, and 2.07 for QA 35q, consistent with improvement in the constant-gradient nonlinear results noted above.
V. DISCUSSION
In this paper, we have extended our use of the method described in Ref. 
